Abstract-This paper presents a solution to maintain stability in a force-reflecting bilateral tele-operator in the presence of substantial time-varying delays based on the wave transformation. By adding a filter inside the communication channel, a criterion is developed to show why the proposed bilateral control law is stable for large time-varying delays. To show the validity of the proposed scheme, we conduct several experiments with a six-degree of freedom master/slave system in the large time-varying delay case. Results demonstrate that this method could guarantee both passivity and tracking performance.
I. INTRODUCTION
Teleoperation has lead to many practical applications, ranging from operating space robots from ground, commanding unmanned underwater vehicles, handling hazardous materials, to manoeuvering mobile robots with obstacle avoidance. Before 1988, instability induced by time-delay in bilateral teleoperation was the major impediment inhibiting further progress. Anderson and Spong introduced the notion of scattering variables to the problem of bilateral teleoperation [1] . However, the control law developed by them using scattering formulation can only guarantee stability for systems under constant delays. The reason is that time-varying delays distort the signals transmitted across the channel. Specifically, this distortion of the scattered signals may introduce extra energy in the communication block. Therefore, position drift between the master and the slave may appear and the system passivity is no longer maintained [2] .
In order to achieve system stability under time-varying communication delay, several different solutions have been reported in the literature. Kosuge, Murayama and Takeo introduced a virtual delay that is defined as a maximum bound on the possible delays. By introducing this virtual delay, the method for constant delays could be utilized again [3] . However, the time delays would increase. Niemeyer and Slotine proposed a wave variable internal method, which transmitted the internal of the wave variable instead of the wave signal itself through the delay and then integrated, transmitted both the wave integral and wave energy explicitly. The wave was reconstructed on the receiver's side of the channel using a filter. Consequently, this method could guarantee both no drifting and passivity even under time-varying delays [4] . Yokokohji and Imaida proposed a new control scheme that was also based on the wave variables but minimizes the performance degradation due to the fluctuation of time delays [5, 6] . S. Munir and W. J. Book focused on the use of a modified Smith predictor, a Kalman filter and an energy regulator, to improve the performance of a wave-based teleoperator, and their technique was further extended for use over the Internet, where the time delay was varying and unpredictable [7] . Besides these approaches, Oboe and Fiorini proposed a simple PD-type controller to deal with the time-varying delay problem over the Internet [8] . Chopra [11] used a modified control architecture that incorporated time varying gains into the scattering transformation and feed-forward position control to guarantee passivity.
These aforementioned methods have only been attempted over the Internet, where the unpredictable time delays were usually no longer than two seconds and changing rate may be greater than 1. Hence, these methods may not guarantee the system stability as the delay time becomes larger. In addition, researchers consider that 1-2 [sec] would be the limitation for the operator to maneuver such a system with bilateral control based on assivity concept comfortably [12] . We doubt about this "1-2 [sec] limitation", and we believe that some tasks such as space robotic teleoperation, whose delay time may become longer than 3 [sec] and change not rapidly, could be performed by bilateral teleoperation based on passivity concept.
In this paper, we propose a control law, which adds a filter inside the communication channel based on the wave transformation. Under given conditions, this approach could guarantee the passivity of systems, whose time-varying delays are large. We have applied this method to finish some complex tasks successfully, such as contacting task and groove-slide task, on a six-degree of freedom master/slave system. Moreover, the proposed method could recover both passivity and tracking performance.
II. METHOD
The concept of passivity based on input-output behavior of a system, provides a simple and robust tool to analyze the stability of a nonlinear system and allows for connections to other systems while maintaining global stability properties. Most of the ideas presented in this section are from [9, 10] .
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The condition for passivity requires more input energy than return energy
where E is a lower-bounded "energy storage" function; diss P is a non-negative "power dissipation" function.
This transformation is given, using the notation of [9] , as 1 In the case that the network delay is constant we have 
where 1 T and 2 T is constant. Assuming that the initial energy is zero, the total energy stored in the communications during the signal transmission between master and slave is given by . (5) therefore, the system is passive independent of the magnitude of the delay 1 T and 2 T . The above result does not hold if T T t , i.e., the delay is time-varying [11] . As shown in Fig. 2 , the basic idea of our approach is adding a filter inside the communication channel. Since the filter can limit the energy and smooth the signal [4] , it is possible to derive a control law based on the wave transformation to achieve system stability under time-varying delays. In this case, the transmission equations become 
Substituting these equations into (1), the energy stored in the communications is computed as 
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III. SIMULATION
In order to keep the analysis as simple as possible we conduct some simulation studies with a one-DOF system.
As shown in Fig. 3 , we model the dynamics of the master and slave as ( ) 
F t P V t V t K V t V t . (13)
The model of the environment is 
IV. EXPERIMENT
In this section, several experiments are performed to evaluate the effectiveness of proposed control law by (3) and (6) . Shown in Fig. 5 , our experimental setup has a 6-DOF robotic arm (IRB 120 robot made by ABB, Switzerland), which can be controlled remotely by two master handles. These handles are two 3-DOF force-feedback joysticks (Novint falcon made by Novint, America; Omega 3 made by Force Dimension, Switzerland), which control the position and orientation of the slave robotic arm respectively, shown in Fig. 6 . A six-axis force/torque sensor (Gamma made by ATI, Canada) is attached to the IRB 120 robot so that the contact force can be measured.
The command signal from the master handles is transmitted to the slave robot at a time interval of 250 ms. Similarly, the controller of the master handles receives the telemetry data from the slave robot also at a time interval of 250 ms. However, control signals for the master handles and the robot joints are updated at a higher rate (about 20 Hz).
All experiments have been carried out with an artificial large time varying delay by (15). Since we derived the stability condition by (7) and (10) for the proposed control law, the controller parameters are selected as follows to guarantee the stability. 
A. Contacting Task
In the contacting Task, the operator brings the tip of the robot arm into contact with the surface of the task board shown in Fig. 7 . This experiment is performed to test whether or not the environmental force on contact could be accurately transmitted to the operator. Figure 8 shows the force and velocity response along the Z axis direction during the contacting task with the proposed control law, respectively. One can see that master force m F (slave velocity s v ) could track the slave force s F (master velocity m v ) without going unstable. The maximum lave force is 27.93 N and the maximum aster force is 27.25 N. Thus, the tracking error is just 0.68 N. 
B. Goove-slide Task
In the groove-slide task, the operator lets the tip of the robot arm (a stick is grasped by the slave robotic arm as the end-effector ) slide along a groove on the task board in Fig. 9 . This task is carried out to test whether or not the slave robot could track curves of the master handles Fig. 9 and Fig. 10 summarize the experimental results of the slide-groove task. Te slave robot could track curves of the master handlesvery well, since the positional-tracking error is smaller than 0.003 m shown in Fig. 9 (b) . Thus, the operator could take only few minutes to finish this task . Note that the master force could track the contact-slave force well in Fig.  10 .
V. CONCLUSION In this paper we have extended the wave transformation by adding a filter inside the communication channel to guarantee the passivity of the teleoperation system with time-varying delays. We conduct two experiments to evaluate the effectiveness of proposed control law. In the contacting task, one can see that environmental force on contact has been accurately transmitted to the operator with a force-tracking error smaller that 0.7 N. In another groove-slide task, we prove that the slave robot could track curves of the master handles precisely since the positional-tracking error is smaller than 0.003 m. 
